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HIGHLIGHTS 


•  A  spontaneous  formation  of  Cu-N-S/C  catalysts  was  realized  using  a  one-step  pyrolysis. 

•  The  obtained  catalysts  exhibit  high  catalytic  activity  for  ORR  in  alkaline  media. 

•  The  pyrolysis  process  can  change  the  ORR  parthway  from  a  2e~  transfer  process  to  a  4e~  one. 

•  Increasing  the  catalyst  loading  can  efficiently  improve  the  ORR  activity. 

•  Cu-bonded  graphitic-N,  pyridinic-N  and  C-Sn-C  serve  as  the  ORR  catalytic  sites. 
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In  this  work,  we  report  a  spontaneous  formation  of  copper  (Cu-N-S/C)  catalysts  containing  both  ni¬ 
trogen  (N)  and  sulfur  (S)  elements  using  a  one-step  pyrolysis  of  carbon  supported  copper  phthalocyanine 
tetrasulfonic  acid  tetrasodium  salt  (CuTSPc/C).  The  obtained  catalysts  exhibit  high  catalytic  activities  for 
oxygen  reduction  reaction  (ORR)  in  alkaline  media.  Through  electrochemical  measurements  and  physical 
characterizations,  several  observations  are  reached  as  follows:  (1)  different  pyrolysis  temperatures  can 
result  in  different  catalyst  structures  and  performances,  and  the  optimum  pyrolysis  temperature  is  found 
to  be  700  °C;  (2)  the  electron  transfer  number  of  the  ORR  process  catalyzed  by  the  unpyrolyzed  catalyst  is 
about  2.5,  after  the  pyrolysis,  this  number  is  increased  to  3.5,  indicating  that  the  pyrolysis  process  can 
change  the  ORR  pathway  from  a  2-electron  transfer  dominated  process  to  a  4-electron  transfer  domi¬ 
nated  one;  (3)  increasing  catalyst  loading  from  40  pg  cirT2  to  505  pg  citT2  can  effectively  improve  the 
catalytic  ORR  activity,  under  which  the  percentage  of  H2O2  produced  decreases  sharply  from  39.5%  to 
7.8%;  and  (4)  the  Cu  ion  can  bond  on  pyridinic-N,  graphite-N  and  C-Sn-C  to  form  Cu-N-S/C  catalyst 
active  sites,  which  play  the  key  role  in  the  ORR  activity. 
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1.  Introduction 

With  increasing  energy  demanding  and  environmental  pollu¬ 
tion,  there  is  an  urgency  to  explore  new,  efficient  and  sustainable 
energy  sources  to  compensate  and  even  replace  traditional  ones. 
Among  different  kinds  of  energy  technologies  explored,  electro¬ 
chemical  energy  technologies  such  as  fuel  cells,  batteries,  and 
supercapacitors  have  been  considered  the  most  feasible  options. 
Particularly,  polymer  electrolyte  membrane  (PEM)  fuel  cells  are 
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recognized  as  the  most  promising  energy  conversion  devices 
among  different  electrochemical  energy  technologies  due  to  their 
several  advantages  such  as  high  energy  efficiency,  high  energy/ 
power  densities,  and  low/zero  emissions,  as  well  as  the  wide  range 
of  applications  in  portable,  stationary  and  automobile  power 
sources  [1—4],  However,  there  are  still  two  major  challenges  hin¬ 
dering  the  commercialization  of  PEM  fuel  cells,  one  is  high  cost,  and 
the  other  is  insufficient  durability.  It  has  been  identified  that  these 
two  major  challenges  are  closely  related  to  the  electrocatalysts  used 
to  catalyze  the  fuel  cell  cathode  oxygen  reduction  reaction  (ORR), 
and  the  anode  fuel  (such  as  hydrogen)  oxidation  reaction  (HOR).  In 
order  to  achieve  high  performance  of  PEM  fuel  cells,  currently,  the 
most  practical  electrocatalysts  are  Pt-based  materials,  which  are 
not  only  expensive  but  also  low  availability.  Therefore,  the  major 
effort  in  PEM  fuel  cell  research  and  development  have  been  put  on 
reducing  Pt  loading  by  exploring  more  active  catalysts,  and/or 
replacing  Pt  metal  using  other  non-precious  metals  such  as  Fe,  Co 
and  Cu. 

Due  to  the  rate  of  HOR  is  much  faster  than  that  of  ORR  [5—8], 
much  more  attention  in  PEM  fuel  cell  development  has  been  given 
to  the  cathode  ORR  catalysts  rather  than  the  anode  HOR  catalysts. 
In  developing  non-precious  metal  catalysts  for  PEM  fuel  cell  ORR, 
several  kinds  of  materials  have  been  explored  including  transition 
metal  macrocycles  (metallic  porphyrins  and  phthalocyanines), 
pyrolyzed  metal-nitrogen  materials,  metal  oxides,  and  chalco- 
genides  [1—10],  Among  these  candidates,  pyrolyzed  metal— nitro¬ 
gen  materials  supported  on  carbon  (M— Nx/C)  seem  to  be  the  most 
promising  ORR  catalysts,  especially  for  Fe-  and/or  Co-based  cata¬ 
lysts.  However,  compared  to  Pt-based  catalysts  for  practical 
application  in  fuel  cells,  this  kind  of  non-precious  metal  catalysts 
are  still  facing  challenges  of  both  insufficient  ORR  activity  and 
stability  [2,11—14].  Although  a  broad  range  of  methodologies  and 
materials  have  been  employed  to  produce  active  non-precious 
metal  ORR  catalysts,  there  are  still  difficulties  in  discerning  the 
controlling  parameters  in  preparing  active  catalysts.  However, 
several  factors  have  to  be  considered,  such  as  type  of  carbon 
support  materials,  kind  of  transition  metals,  content  of  nitrogen  in 
the  catalyst  precursor  as  well  as  the  pyrolysis  process,  which  all 
have  effects  on  the  catalyst’s  ORR  activity  and  stability  [6,10,15— 
17],  Among  these  four  factors,  nitrogen  and  carbon  support  are 
believed  to  be  the  essential  components  for  active  sites,  particu¬ 
larly,  nitrogen  is  approved  to  be  the  necessity  for  ORR  activity.  The 
metal  ion  in  the  catalytic  process  can  be  considered  the  necessary 
part  of  the  catalytic  ORR  active  sites  (M— Nx/C,  X  =  2  or  4)  [15,18— 
21  ]  and  they  can  also  facilitate  the  stable  incorporation  of  nitrogen 
into  the  graphitic  structure  of  carbon  to  form  other  type  of  ORR 
active  sites  [22,23].  The  pyrolysis  of  the  corresponding  materials  at 
high  temperatures,  such  as  600—1000  °C,  is  also  necessary  to 
obtain  high  ORR  activity. 

To  form  N-containing  non-precious  metal  catalysts  for  ORR, 
metal  phthalocyanine  (MPc),  which  possesses  a  unique  conjugated 
ligand  including  eight  N  atoms  in  a  unit  structure,  and  the  central 
metal  ion  in  the  molecule,  has  been  explored  as  the  catalyst  pre¬ 
cursor.  The  pyrolyzed  Co-  and  Fe-centered  phthalocyanines  have 
been  proved  to  be  the  most  promising  catalysts,  which  were  re¬ 
ported  to  have  a  close  ORR  activity  to  that  of  commercially  available 
Pt/C  catalyst  [10,24—27],  In  addition,  it  was  found  that  different 
central  metal  ions  in  the  MPc  precursor  could  give  different  cata¬ 
lytic  activities  with  an  order  of  Fe  >  Co  >  Ni  >  Cu  [17,20,28], 
Actually,  it  is  difficult  to  reveal  a  promotion  order  of  the  transition 
metals,  since  the  ORR  activity  of  MPc  strongly  depends  on  the  pH 
value  of  electrolyte  and  also  the  composition  of  the  catalysts  as  well 
as  the  preparation  parameters.  Recently,  Sehlotho  et  al.  [29]  found 
that  MnPc  complexes  could  catalyze  a  2-electron  transfer  ORR  in 
acidic  media,  but  4-electron  transfer  one  in  alkaline  media.  Our 


most  recent  work  demonstrated  that  when  CuPc  supported  on 
carbon  black  (Vulcan  XC-72R)  was  used  as  the  catalyst  precursor, 
the  resulting  pyrolyzed  CuPc/C  could  give  an  excellent  ORR  activity 
in  alkaline  media,  and  even  higher  than  the  pyrolyzed  CoPc/C 
[30,31],  For  a  continuing  effort,  we  found  that  if  the  carbon  mate¬ 
rials  were  doped  or  co-doped  with  other  heteroatoms  [32—36], 
such  as  S,  P  and  B,  the  resulting  catalysts  could  give  the  synergetic 
effect  on  the  ORR  activity.  Particularly  the  synergetic  effect  between 
the  N  and  S  was  found  to  be  very  strong,  resulting  in  high  per¬ 
forming  ORR  catalysts  [37], 

Inspired  by  the  results  achieved  in  our  continuing  effort,  in  this 
work,  we  report  an  ORR  catalyst  containing  both  N  and  S,  synthe¬ 
sized  by  pyrolyzed  a  carbon  supported  CuPc  precursor  (copper 
phthalocyanine  tetrasulfonic  acid  tetrasodium  salt  (CuTSPc))  which 
contains  a  both  N  and  S  in  its  ligand.  In  this  way,  the  possible 
synergetic  effect  between  N  and  S  could  be  spontaneously  formed 
within  the  catalyst  without  additional  dopant  precursor.  As 
demonstrated  by  this  work,  the  transition  metal,  nitrogen  and 
sulfur  could  be  simultaneously  formed  onto  the  carbon  support 
framework  to  form  new  Cu— N— S/C  catalysts.  For  further  optimizing 
the  catalytic  activity,  the  effect  of  catalyst  loading  on  the  catalyzed 
ORR  was  also  systematically  investigated  in  this  work.  The  elec- 
trocatalytic  activities  of  the  Cu— N— S/C  catalysts  obtained  at 
different  pyrolysis  temperatures  were  intensively  evaluated  by 
linear  sweep  voltammetry  (LSV)  using  both  rotating  disk  electrode 
(RDE)  and  rotating  ring-disk  electrode  (RRDE)  techniques  in  alka¬ 
line  media.  The  ORR  kinetic  parameters  and  possible  reaction 
mechanisms  were  discussed.  For  fundamental  understanding,  the 
XRD,  TEM,  EDX,  TG  and  XPS  analyses  were  also  performed  to 
identify  the  possible  active  sites  of  these  pyrolyzed  catalysts. 

2.  Experimental 

2.3.  Materials  and  catalysts  preparation 

Copper  phthalocyanine  tetrasulfonic  acid  tetrasodium  salt 
(CuTSPc)  was  purchased  from  Sigma  Aldrich  with  60%  purity  and 
used  as  the  catalyst  precursor  which  was  supported  on  Vulcan  XC- 
72R  carbon  black.  This  carbon  support  with  a  specific  surface  area 
of  236.8  m2  g_1  was  purchased  from  Cabot  Corporation.  In  prepa¬ 
ration  of  such  a  precursor,  40  mg  CuTSPc  and  60  mg  carbon  black 
was  mixed  in  a  mortar,  and  milled  by  adding  10  ml  methanol  for 
2  h,  and  then  the  resulting  mixture  was  vacuum-dried  at  40  °C  for 

1  h  to  form  a  powder.  This  powder  was  further  placed  in  a  quartz 
boat  and  pyrolyzed  at  600  °C,  700  °C  and  800  °C,  respectively,  for 

2  h  at  a  heating  rate  of  20  °C  min-1  in  a  flowing  nitrogen  atmo¬ 
sphere.  The  resulting  catalyst  powder  was  analyzed  by  instrument 
methods  described  in  the  section  below,  and  expressed  as  (CuTSPc/ 
C)r  (here  “T”  means  the  pyrolysis  temperature)  For  comparison,  the 
sample  of  CuTSPc  supported  on  the  carbon  without  pyrolysis 
(which  is  the  catalyst  precursor)  was  also  characterized  and 
expressed  as  CuTSPc/C. 

2.2.  Catalysts  characterization 

The  crystal-phase  X-ray  diffraction  (XRD)  patterns  of  both 
CuTSPc/C  sample  (or  precursor)  and  (Cu— N— S/C)t catalyst  samples 
were  obtained  using  a  Philips  PW3830  X-ray  diffractometer 
equipped  with  Cu-Ka  radiation  (A  =  0.15406  nm).  The  measurement 
current  was  40  mA  and  the  voltage  was  40  kV.  The  intensity  data 
were  collected  at  25  °C  in  the  26  range  from  0°  to  90°  with  a  scan 
rate  of  1.20  °min .  Transmission  electron  microscopy  (TEM)  ana¬ 
lyses  were  performed  with  a  high-resolution  Hitachi  JEM-2100F 
operating  at  200  kV  to  obtain  information  of  the  average  particle 
size  and  the  distribution  of  the  catalyst  prepared.  The  element 
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distribution  mapping  was  obtained  by  the  energy  dispersive  X-ray 
spectroscopy  (EDX)  on  JSM-5600LV  (JEOL)  attached  to  emission 
scanning  electron  microscope  (SEM)  on  Hitachi  S-4800  system, 
which  operate  at  10  kV.  The  thermogravimetric  analysis  (TGA)  on  a 
NETZSCH  simultaneous  thermal  analyzer  TG  209  can  be  used  to 
analyze  the  mass  loss  during  heat-treatment  process.  This  mea¬ 
surement  was  conducted  under  nitrogen.  The  X-ray  photoelectron 
spectroscopy  (XPS)  was  used  to  study  the  electrocatalysts’  surface 
or  subsurface  composition  and  detect  the  chemical  states  of  their 
surface  catalyst  particles.  The  measurements  were  carried  out  on  a 
Kratos  AXIS  Ultra010  electron  spectrometer  with  Al  I<  X-ray  anode 
source  (hv  =  1486.6  eV)  at  250  W  and  14.0  kV.  The  XPSPeak  41 
software  was  used  for  fitting  the  XPS  spectrum. 

2.3.  Electrochemical  measurements 

The  electrocatalytic  activities  of  CuTSPc/C  sample  and  (Cu— N— 
S/C)T  catalysts  were  evaluated  by  linear  sweep  voltammetry  (LSV) 
using  both  rotating  disk  electrode  (RDE)  and  rotating  ring-disk 
electrode  (RRDE)  techniques.  A  glassy  carbon  (GC)  electrode 
(with  a  diameter  of  6.0  mm  corresponding  to  a  geometric  surface 
area  of  0.25  cm2,  purchased  from  Pine  Instruments)  was  used  as 
the  working  electrode.  Before  any  measurements,  the  GC  electrode 
surface  was  polished  with  AI2O3  (0.05  pm)  suspension  and  rinsed 
with  deionized  water.  The  catalyst  ink  was  prepared  by  mixing 
4  mg  of  the  catalyst  with  2  ml  of  isopropyl  alcohol  to  form  a 
mixture,  which  was  then  ultrasonically  dispersed  for  45  min  to 
dissolve  as  evenly  as  possible.  Then  10  pi  of  such  an  ink  was 
deposited  onto  the  GC  electrode  surface  to  form  a  uniform  layer 
across  the  electrode  surface.  After  drying  in  room  temperature, 
one  drop  of  methanol/Nafion®  solution  (50:1  wt%)  was  dropped 
onto  the  top  of  the  catalyst  layer  to  improve  adhesion.  For 
investigating  the  catalyst  loading  effect  on  the  catalytic  activity,  2, 
4,  10,  25  and  40  mg  of  the  catalyst  were  dispersed  in  2  ml  iso¬ 
propyl  alcohol,  respectively,  to  form  different  loading  of  catalyst 
inks  (4.0  x  101,  8.0  x  101,  2.0  x  102,  5.0  x  102  and 
8.0  x  102  pg  cm~2,  respectively). 

RDE  measurements  were  carried  out  using  a  standard  three- 
compartment  electrochemical  cell  in  0.1  M  KOH  at  room  temper¬ 
ature.  The  GC  electrode  coated  with  catalyst  was  used  as  the 
working  electrode.  A  saturated  calomel  electrode  (SCE)  was  used  as 
the  reference  electrode,  and  a  platinum  wire  was  used  as  the 
counter  electrode.  All  measured  potentials  were  converted  to  a 
standard  hydrogen  electrode  (SHE).  The  cyclic  voltammograms 
were  performed  by  scanning  the  potential  from  -0.55  to  0.35  V  at  a 
scan  rate  of  0.05  V  s  1  to  measure  the  surface  behavior  of  the 
catalyst  in  N2-saturated  0.1  M  KOH  solution.  For  linear  sweep  vol- 
tammetric  measurements,  the  used  potential  range  was 
between  -0.6  and  0.3  V  in  02-saturated  0.1  M  KOH  solution.  A  slow 
scan  rate  of  5  mV  s  1  was  used  to  record  the  steady-state  current- 
potential  curves.  To  verify  the  ORR  catalytic  pathways  of  the  cata¬ 
lyst,  the  RRDE  measurements  were  performed  to  monitor  the  for¬ 
mation  of  peroxide  species  during  the  ORR  process. 

3.  Results  and  discussion 

3.1.  Oxygen  reduction  reaction  activity 

For  electrochemical  characterization,  Fig.  1(a)  shows  the  ORR 
polarization  curves  of  Pt/C  (40%)  and  CuTSPc/C  samples  synthe¬ 
sized  before  and  after  the  pyrolysis,  which  were  measured  in  02- 
saturated  0.1  M  KOH  at  room  temperature.  From  Fig.  1(a),  it  can  be 
seen  that  the  CuTSPc/C  without  pyrolysis  can  give  some  ORR  cat¬ 
alytic  activity  with  an  onset  potential  near  -0.05  V  and  a  half-wave 
potential  (A£i/2)  near  -0.17  V,  respectively.  However,  after 


Fig-i.  (  a)  Polarization  curves  of  ORR  catalyzed  by  different  catalysts  are  marked  in  the 
figure,  measured  in  02-saturated  0.1  M  KOH  solution  at  the  ambient  temperature.  Scan 
rate:  5  mV  s  ',  electrode  rotation  rate:  1500  rpm,  catalyst  loading:  81  pg  cm-2;  (b) 
current  densities  at  -0.05  V,  -0.10  V,  -0.15  V  and  -0.20  V  vs.  SHE  as  a  function  of 
catalyst  pyrolysis  temperature.  Data  from  (a). 

pyrolysis,  the  electrocatalytic  activity  of  the  catalyst  is  significantly 
improved,  which  is  signaled  by  the  large  onset  potential  shifts. 
When  the  sample  was  pyrolyzed  at  600  °C,  the  onset  potential  is 
shifted  by  a  130  mV  from  -0.05  V  to  0.08  V,  and  when  the  sample 
was  pyrolyzed  at  700  °C,  the  shift  is  160  mV  from  -0.05  V  to  0.11  V. 
Correspondingly,  the  half-wave  potential  can  be  observed  to  posi¬ 
tively  shifted  from  -0.17  V  (CuTSPc/C)  to  -0.06  V  ((Cu-N-S/C)600) 
and  further  to  -0.02  V  ((Cu— N— S/C)7oo).  Then,  if  the  pyrolysis 
temperature  is  increased  higher,  a  slight  decrease  in  ORR  activity 
can  be  observed,  indicating  that  700  °C  may  be  the  optimized  py¬ 
rolysis  temperature  for  synthesizing  the  catalysts.  However,  it  is 
still  lower  than  that  for  the  commercial  Pt-based  catalyst. 

To  clearly  show  the  effect  of  pyrolysis  temperature  on  the  ORR 
activity,  the  current  densities  at  four  potentials 
(-0.05  V,  -0.10  V,  -0.15  V  and  -0.20  V)  as  a  function  of  temper¬ 
ature  are  plotted  in  Fig.  1(b).  It  can  be  seen  that  the  current  den¬ 
sities  keep  sharply  increasing  up  to  700  °C,  then  starts  to  decrease 
with  further  increasing  the  pyrolysis  temperature.  These  observa¬ 
tions  in  Fig.  1  indicate  that  pyrolysis  can  significantly  improve  the 
catalyst’s  ORR  activity.  The  (Cu— N— S/C)7oo  catalyst  can  give  the  best 
ORR  performance,  probably  due  to  the  generation  of  the  most 
active  catalytic  sites  for  ORR  under  pyrolysis  temperature  of  700  °C. 
In  literature,  it  has  been  reported  that  pyrolysis  process  could 
largely  improve  the  ORR  activity  of  carbon-supported  MPc  cata¬ 
lysts,  and  the  optimal  temperature  is  closely  dependent  on  the  type 
of  the  central  transition  metal.  For  example,  the  catalytic  activity  of 
pyrolyzed  CoPc/C  and  FePc/C  catalysts  could  give  the  maximum 
ORR  activity  after  pyrolysis  at  600  °C  [38,39],  while  the  CuPc/C 
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showed  the  best  ORR  activity  at  800  °C  pyrolysis  [31  ].  In  this  work, 
we  found  that  the  optimal  pyrolysis  temperature  for  CuTSPc/C  was 
at  700  °C.  Most  interestingly,  the  ORR  performance  of  pyrolyzed 
CuTSPc/C  at  700  °C  is  even  superior  to  either  CoPc/C  heat-treated  at 
600  °C  or  CuP c/C  heat-treated  at  800  °C  [30,31  ],  implying  that  the 
sulfur  element  substituted  on  the  Pc  ring  (or  — SO3  moiety)  may 
make  contribution  to  the  ORR  activity  enhancement. 

In  Fig.  2,  the  RRDE  measurements  are  performed  to  probe  the 
ORR  catalytic  pathways  catalyzed  by  the  (CuTSPc/C)t  catalysts  ob¬ 
tained  at  different  pyrolysis  temperatures.  The  results  obtained 
using  different  (CuTSPc/C)t  catalysts  are  shown  in  Fig.  2(a)  and  (b). 
Based  on  the  measurements  in  Fig.  2(a)  and  (b),  the  numbers  of 
electron  transferred  (n)  and  the  percentage  of  peroxide  species 
(H2O2)  produced  can  be  calculated  based  on  the  formulas  [40]: 


n 


4/d 

Id  +  It/N 


(1) 


%H202  =  100  X  2I*/N  (2) 

fd  +  Zr/lv 

where  Id,  I,  and  N  are  the  disk  current,  ring  current,  and  collection 
efficiency  (0.37  in  the  present  work),  respectively.  Based  on  these 
equations,  the  calculated  H202  percentage  and  the  number  of 
electron  transferred,  are  plotted  as  a  function  of  electrode  potential, 
as  shown  in  Fig.  2(c)  and  (d).  It  can  be  seen  that  the  unpyrolyzed 
CuTSPc/C  sample  could  only  catalyze  the  ORR  with  a  2-electron 
transfer  dominated  process  (n  =  2.3— 2.6)  with  high  H202  produc¬ 
tion  in  the  range  of  68.6%— 87.2%  over  the  potential  range  of  -0.10 
to  -0.60  V.  However,  all  (CuTSPc)i  catalysts  can  catalyze  4-electron 
dominated  ORR  processes  (n  =  3.4— 3.6),  giving  much  less  H202 
yields  (around  30%).  In  PEM  fuel  cell  operation,  the  favorite  ORR 
process  is  the  4-electron  transfer  process  from  02  to  H20  rather 


than  to  H202.  Therefore,  the  results  in  Fig.  2  indicate  that  the  py¬ 
rolysis  process  could  give  better  catalysts  for  fuel  cell  application. 
Due  to  (CuTSPc)70o  catalyst  is  the  best  among  these  samples.  The 
(CuTSPc)7oo  catalyst  will  be  selected  as  the  target  catalyst  for 
further  investigation,  by  which  we  will  try  to  find  the  mechanism  of 
promotion  through  pyrolysis  process. 

For  non-precious  metal  catalysts,  the  low  cost  is  the  largest 
advantage  compared  to  Pt.  Therefore,  increasing  the  catalyst 
loading  without  adding  significant  cost  could  be  a  way  to  further 
improve  the  catalytic  performance  [31,41,42],  Fig.  3  presents  RDE 
current— potential  curves  for  the  ORR  on  GC  electrodes  coated  with 
different  loadings  of  (CuTSPc/C)70o  catalyst  from  40  pg  cnr2  to 
808  pg  cnrT2  and  Pt/C  (40%)  at  1500  rpm,  measured  in  02-saturated 
0.1  M  KOH.  The  current  data  in  this  figure  is  corrected  by  linear 
scanning  in  N2-saturated  0.1  M  KOH.  Note  that  due  to  the  catalyst 
obtained  by  pyrolyzed  CuTSPc/C  precursor  at  700  °C  is  the  most 
active  one  among  those  obtained  at  other  temperatures,  this 
(CuTSPc/C)7oo  catalyst  was  selected  as  the  target  catalyst  for 
investigation  of  the  loading  effect.  As  shown  in  Fig.  3,  both  the  ORR 
current  density  (more  than  200%  increase)  and  the  half-wave  po¬ 
tential  (80  mV  positive  shift)  are  largely  improved  with  increasing 
catalyst  loading  from  40  pg  cnr2  to  505  pg  cnr2.  In  addition,  the 
ORR  activity  of  the  (CuTSPc/C)7oo  catalyst  with  the  loading  at 
505  pg  cnr2  is  pretty  close  to  that  of  Pt/C.  When  the  loading  is 
further  increased  to  808  pg  cnr2,  the  current  density  remains  the 
same,  but  the  half-wave  potential  retreats.  From  what  has  been 
discussed  above,  it  can  be  inferred  that  the  optimal  loading  for  the 
ORR  catalyzed  by  (CuTSPc/C)7oo  catalyst  is  around  505  pg  cnr2. 
Furthermore,  from  Fig.  3  it  can  also  be  seen  that  all  polarization 
curves  can  be  divided  into  three  separate  potential  regions.  For 
example,  the  curve  with  catalyst  loading  of  505  pg  cm2,  three  re¬ 
gions  are  the  diffusion-controlled  region  located  in  the  potential 
range  of  negative  than  -0.20  V,  the  Tafel  region  in  the  range  of 
positive  than  -0.05  V,  and  the  mixed  diffusion-kinetic  limited 


Potential  /  V  (vs.SHE)  Potential  /  V  (vs.SHE) 

Fig.  2.  (a)  Rotating  ring-disk  electrode  measurements  for  ORR  catalyzed  by  CuTSPc/C  catalysts  synthesized  before  and  after  pyrolysis  at  a  scan  rate  of  5  mV  s_1  in  02-saturated  0.1  M 
KOH  solution;  (b)  the  same  as  Fig.  1(a);  (c)  the  corresponding  %H202  yield;  and  (d)  electron  transfer  numbers  of  ORR  catalyzed  by  the  sample  indicated.  Catalyst  loading: 
81  pg  cm-2;  Rotating  rate:  1500  rpm. 
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Potential  /  V  (vs.SHE) 


Fig.  3.  Polarization  curves  of  ORR  catalyzed  by  (CuTSPc/C)70o  catalysts  and  Pt/C  in  02- 
saturated  0.1  M  KOH  solution  at  the  ambient  temperature.  Scan  rate:  5  mV  s-1,  elec¬ 
trode  rotation  rate:  1500  rpm,  the  (CuTSPc/C)7oo  catalysts  loading:  40  pg  cm-2— 
808  pg  cm-2,  the  Pt/C  catalyst  loading:  81  pg  cm-2. 


region  located  between  —0.20  V  and  -0.05  V,  respectively.  For  a 
further  comparison  of  the  catalytic  ORR  activity  of  (CuTSPc/C)7oo 
catalyst  at  different  loadings,  the  Tafel  plots  were  constructed.  The 
Tafel  plot  for  cathode  reaction  can  be  expressed  as  Equation  (3): 


E--bi°z(i^i)  |3> 

where  a  is  the  Tafel  intercept,  which  is  related  to  the  electrode 
potential  at  standard  conditions  and  the  ORR  exchange  current 
density,  i  is  the  diffusion-limited  current  density,  i  is  the  disk  cur¬ 
rent  density,  E  is  the  electrode  potential,  respectively,  b  in  Equation 
(3),  called  the  Tafel  slope,  can  be  expressed  as  Equation  (4): 


2.303 RT 
anaF 


(4) 


where  a  and  na  are  the  electron  transfer  coefficients  and  number  in 
the  reaction  rate  determining  step,  R  is  the  universal  gas  constant,  T 
is  the  temperature  (K),  and  F is  the  Faraday’s  constant,  respectively. 
According  to  Equation  (3),  the  plot  of  vs.  log  (h’d/O'd  -  i))  can  gives  a 
slope  ( 2303RTIanaF ),  from  which  the  kinetic  parameter  of  ana  can 
be  calculated.  In  general,  the  larger  the  value  of  ana  (or  the  smaller 
the  value  of  Tafel  slope),  the  faster  the  electrochemical  reaction 
would  be.  In  the  case  shown  in  Fig.  3,  the  values  of  ana  obtained  at 
different  catalyst  loadings  should  be  able  to  tell  which  loading  is  the 
best  for  the  catalyzed  ORR  process.  Fig.  4  shows  the  plots  of  vs. 
log  (zi'd/(^d  -  i))  at  different  catalyst  loadings.  Note  that  the  data  for 
these  Tafel  plots  in  Fig.  4  are  taken  from  Fig.  3.  It  can  be  seen  that  all 
Tafel  plots  have  approximately  two  slopes.  The  values  of  first  slope 
at  the  more  positive  potential  range  are  96,  93,  87,  78,  and 
81  mV  dec-1,  and  the  values  of  second  slope  are  213, 170, 159, 127, 
130  mV  dec-1  at  the  catalyst  loadings  of  40,  81,  202,  505,  and 
808  pg  cm-2,  respectively  (see  Table  1).  According  to  Equation  (4), 
the  values  of  kinetic  parameter  ctna  can  be  calculated,  as  listed  in 
Table  1. 

Table  1  shows  that  the  catalyst  loading  of  505  pg  cm-2  gives  the 
largest  values  of  ana  at  both  Tafel  slope  potential  ranges,  indicating 
that  this  catalyst  loading  is  the  optimum  one  for  the  catalyzed  ORR 
by  (CuTSPc/C)7oo  catalyst.  The  difference  in  ana  values  at  different 
catalyst  loadings  may  suggest  a  difference  in  the  ORR  pathway 
catalyzed  by  this  (CuTSPc)7oo  catalyst,  indicating  that  the  ORR 
pathway  can  not  only  be  affected  by  the  type  of  catalyst  materials 
[43],  but  also  by  the  catalyst  loading  [43,44], 


Fig.  4.  Tafel  plots  of  £  vs.  log  (iiD/(iD  -  i))  for  ORR  catalyzed  by  (CuTSPc/C)70o  catalyst  at 
different  catalyst  loadings,  (a)  Tafel  plots  at  high  potentials  and  (b)  Tafel  plots  at  low 
potentials.  Potential  scan  rate:  5  mV  s  ',  electrode  rotating  rate:  1500  rpm,  catalyst 
loading:  40  pg  cnr2-808  pg  cm-2. 


For  a  more  quantitative  evaluation,  the  effects  of  catalyst  loading 
on  the  yield  of  FI2O2  and  the  ORR  overall  electron  transfer  number 
were  also  investigated  by  RRDE  technique  and  the  results  are 
shown  in  Fig.  5.  It  can  be  seen  that  with  increasing  catalyst  loading, 
the  H2O2  produced  is  sharply  decreased  from  39.5%  at  40  pg  cm-2 
to  7.8%  at  505  pg  cm-2  at  the  potential  of  -0.35  V.  In  other  words, 
the  detection  of  H2O2  can  be  effectively  decreased  by  increasing  the 
catalyst  loading,  resulting  in  a  peroxide  yield  that  is  close  to  the  goal 
established  by  the  DOE  (~3%).  For  the  overall  electron  number,  its 
value  is  increased  accordingly  from  3.2  to  3.8,  suggesting  that  the 
ORR  catalyzed  by  (CuTSPc/C)7oo  catalyst  is  approached  to  4e- 
process  when  the  catalyst  loading  is  increased  to  505  pg  cm-2.  In 
Table  2,  other  kinetic  parameters  for  ORR  catalyzed  (CuTSPc/C)70o 
catalyst  at  different  loadings,  including  onset  potential,  half-wave 
potential,  kinetic  current  density,  %H202  produced  and  the  overall 
electron  transfer  number,  are  summarized.  From  Table  2,  it  can  be 
seen  more  intuitively  that  these  kinetic  parameters  of  ORR  are 
greatly  improved  with  increasing  catalyst  loading.  One  qualitative 


Table  1 

Product  of  ORR  electron  transfer  number  and  coefficient  in  the  rate-determining- 
step  at  different  catalyst  loadings,  measured  in  02-saturated  0.1  M  KOH  with  a 
rotating  disk  electrode  coated  with  (CuTSPc/C)70o  catalyst. 


Catalyst  loading 

Tafel  slope  at  higher 

Tafel  slope  at  lower 

(pg  cm-2) 

potential  range 

potential  range 

b  (mV  dec-1) 

ana 

b  (mV  dec-1) 

ana 

40 

96 

0.62 

213 

0.27 

81 

93 

0.64 

170 

0.34 

202 

87 

0.68 

159 

0.37 

505 

78 

0.76 

127 

0.46 

808 

81 

0.73 

130 

0.45 
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Fig.  5.  Rotating  ring-disk  electrode  measurements  for  ORR  catalyzed  by  (CuTSPc/C)7oo 
catalysts  at  a  scan  rate  of  5  mV  s  1  in  02-saturated  0.1  M  KOH  solution,  (a)  The  cor¬ 
responding  %H202  produced;  and  (b)  electron  transfer  numbers  of  corresponding 
samples.  Catalyst  loading:  40  pg  cm  2-808  gg  cnr2.  Rotating  rate:  1500  rpm. 


explanation  for  this  loading  effect  could  be  that  there  are  more 
active  sites  available  for  reducing  H2O2  to  H20  with  increasing  the 
catalyst  loading,  leading  to  an  enhanced  (2  +  2)  electron  pathway  in 
ORR  process  [45,46].  Another  explanation  may  be  considered,  that 
is,  at  low  loading,  the  catalyst  layer  is  so  thin  that  the  generated 
H2O2  have  no  enough  time  to  stay  to  find  neighboring  active  site  for 
further  reduction  to  water  before  releasing  to  the  electrolyte,  while 
at  higher  catalyst  loading,  H2O2  have  longer  time  to  remain  in 
catalyst  layer,  thus  more  chance  for  the  reduction  of  H2O2  further  to 
water.  However,  too  high  loading  will  cause  the  catalyst  layer  too 
thick,  leading  to  the  easy  cracking  and  falling  off  of  the  catalyst  from 
the  electrode  as  well  as  larger  electric  resistance,  and  thus  resulting 
in  lower  catalytic  activity. 


Table  2 

Kinetic  parameters  for  several  loadings  of  (CuTSPc/C)70o  catalyst. 


Loading 
(Hg  cm-2) 

Onset 

potential  (V)a 

A£„2  (V)-1 

jk  at  0.0  V 
(mA  cm-2)3 

%H202  at 
-0.35  V 

n  at 

-0.35  V 

40 

0.10 

-0.05 

0.55 

39.5% 

3.21 

81 

0.11 

-0.02 

0.98 

27.5% 

3.45 

202 

0.13 

0.00 

3.06 

16.3% 

3.67 

505 

0.16 

0.03 

6.71 

7.8% 

3.84 

808 

0.15 

0.01 

3.87 

9.1% 

3.82 

3  Electrode  rotation  rate:  1500  rpm. 


3.2.  Morphology  and  structural  analysis 

As  discussed  above,  the  pyrolysis  temperature  has  shown  a 
positive  effect  on  the  ORR  activity.  However,  the  influence  mech¬ 
anism  of  pyrolysis  temperature  on  the  ORR  activity  is  still  unclear 
and  needs  to  be  further  study.  For  characterizing  the  structure  of 
the  catalyst,  XRD  was  employed  to  clarify  the  structure  change 
during  the  pyrolysis  process.  XRD  patterns  of  the  CuTSPc/C  pre¬ 
cursor,  (CuTSPc/C)6oo.  (CuTSPc/C)7oo,  and  (CuTSPc/Qsoo  catalyst 
samples  are  shown  in  Fig.  6.  There  are  two  large  broad  peaks 
located  at  26  =  24.5°  and  26  =  43.0°  in  all  XRD  patterns,  which  are 
due  to  the  (002)  and  (100)  reflection  of  carbon  support  (Vulcan  XC- 
72R)  [47,48].  For  CuTSPc/C  precursor  sample,  the  peak  at  26  <  10° 
can  be  associated  with  the  crystalline  nature  of  CuTSPc,  which  is 
disappeared  after  the  pyrolysis  at  600  °C,  indicating  that  the 
macrocyclic  structure  of  CuTSPc  have  been  decomposed  and  then 
forms  the  Cu— N/C  [38,39,49,50],  This  Cu— N/C  structure  is  consid¬ 
ered  to  be  the  oxygen  reduction  active  site,  which  may  be  the 
reason  for  the  enhanced  ORR  activity  of  catalysts  after  pyrolysis. 
When  the  pyrolysis  temperature  is  increased  to  700  °C,  two  new 
peaks  centered  at  26  =  31.9°  and  26  =  34.0°  can  be  observed.  The 
former  peak  can  be  assigned  to  sulfated  copper(I)-containing 
compound  (NaCu2(S04)20H  H2O)  [51],  the  later  can  be  assigned 
to  be  the  reported  Cu(OH)2  [52],  These  two  peaks  become  sharp¬ 
ened  when  temperature  is  increased  to  800  °C,  suggesting  a  cluster 
aggregation  at  such  a  high  temperature.  In  addition,  all  curves  after 
pyrolysis  give  no  conspicuous  characteristic  peak  of  metallic  Cu. 
This  implies  that  a  large  amount  of  Cu  atoms  are  in  the  form  of 
compounds,  rather  than  a  metal  element.  This  may  be  one  of  the 
reasons  that  (CuTSPc/C)t  catalysts  exhibited  much  superior  ORR 
performances  compared  with  unpyrolyzed  CuTSPc/C  precursor. 

To  study  the  morphology  and  particle  size  of  catalysts  synthe¬ 
sized  in  this  work,  TEM  measures  were  carried  out.  The  typical  TEM 
images,  as  shown  in  Fig.  7,  can  help  understand  the  morphology 
and  particle  size  differences  before  and  after  the  pyrolysis.  Fig.  7(a) 
shows  a  micrograph  of  CuTSPc/C  precursor,  which  shows  a  clean 
surface  with  CuTSPc  particles  evenly  dispersed  on  the  carbon  black 
with  an  average  size  of  about  50  nm.  After  pyrolysis  at  600  °C,  some 
aggregates  like  Cu-containing  cluster  compounds  appear  with  the 
particle  size  reduced  to  about  20—30  nm  for  large  particles  and 
about  10—20  nm  for  some  small  particles.  But  their  shapes  can  not 
be  clearly  observed  in  Fig.  7(b).  In  the  case  of  pyrolysis  temperature 
of  700  °C  (Fig.  7(c)),  some  bright  particles  with  size  similar  to  that 
large  particles  in  Fig.  7(b)  can  be  clearly  observed.  The  illustration  in 
Fig.  7(b)  can  obviously  demonstrate  these  particles  shape. 
Compared  with  CuTSPc/C  precursor,  there  are  some  Cu-containing 
cluster  compounds  (may  be  Cu— N— S/C  structure)  uniformly 
distributed  on  the  surface  of  carbon  support.  With  further 
increasing  the  temperature  to  800  °C  (Fig.  7(d)),  more  small  (with 
an  average  particle  size  ranging  from  10  to  20  nm)  particles  can  be 
observed,  which  may  be  copper  hydroxide  and  Cu— S  compound. 
These  Cu— S  compound  species  could  also  be  formed  by  the 
decomposition  of  Cu— N— S/C  species,  resulting  in  a  reduced  cata¬ 
lytic  activity  of  Cu— N— S/C  [53],  Therefore,  in  order  to  obtain  the 
optimal  ORR  activity,  the  pyrolysis  should  be  not  conducted  at  too 
high  temperature.  The  results  above  suggest  that  pyrolysis  can 
decompose  the  CuTSPc/C  to  Cu— N— S/C  compounds,  Cu  hydroxide 
and  Cu— S  compound,  which  are  in  agreement  with  the  conclusion 
from  the  XRD  analysis  in  Fig.  6  and  the  LSV  results  from  Fig.  1.  In 
Fig.  1,  the  catalyst  can  reach  the  best  ORR  catalytic  performance 
when  it  was  pyrolyzed  at  700  °C,  suggesting  that  the  most  amount 
of  active  sites  can  be  formed  at  this  temperature.  To  further  explain 
this  observation,  the  EDX  mapping  images  are  shown  in  Fig.  8.  Note 
that  more  highlighted  light  dots  mean  higher  element  concentra¬ 
tion.  From  these  images,  it  can  be  seen  that  the  distribution  of  Cu,  N 
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Fig.  6.  X-ray  diffraction  spectra  of  the  CuTSPc/C  samples  pyrolyzed  at  different 
temperatures. 

and  S  become  intensive  after  heat-treatment,  especially  when  the 
temperature  reaches  700  °C,  suggesting  that  the  large  amount  of 
formation  of  Cu— N— S  structure  on  carbon  support  should  be 
happened  at  700  °C.  When  the  temperature  was  further  increased, 
the  density  of  light  dots  was  decreased.  This  can  be  ascribed  to  the 
damage  of  Cu— N— S/C  structure. 

3.3.  TC  analysis 

Fig.  9  shows  the  TG— DTG  curves  for  H2Pc/C  and  CuTSPc/C, 
respectively,  to  show  the  mass  loss  during  the  pyrolysis  process. 
From  Fig.  9(a),  one  can  see  that  there  is  only  one  major  peak  at 
around  550  °C  with  a  mass  loss  of  about  30  wt%,  is  attributed  to  the 
decomposition  of  H2Pc  [31].  In  the  case  of  the  CuTSPc/C  sample,  the 
first  mass  loss  peak  at  around  500  °C,  which  shifted  to  a  lower 


temperature  by  about  50  °C  and  the  weight  loss  (about  8  wt%) 
largely  decreased  compared  to  the  H2Pc/C.  In  addition,  the  peak 
ranging  from  570  °C  to  710  °C  for  CuTSPc/C  sample  is  5wt%  in  mass 
loss,  which  can  correspond  to  the  reengineering  of  catalyst  struc¬ 
ture  and  formation  of  Cu— N— S/C  active  structures.  As  shown  in 
Fig.  1(a),  the  catalytic  activity  of  CuTSPc/C  after  heat-treated  at 
700  °C  is  highest,  therefore  it  can  be  inferred  that  the  active  sites 
are  probably  formed  at  about  500  °C— 700  °C.  The  decomposition  of 
Cu— N— S/C  structures  may  appear  at  higher  temperature  than 
about  700  °C  with  the  loss  of  5  wt%„  at  the  same  time,  the  active 
sites  are  damaged  to  some  extent.  It  is  noted  that  the  total  mass  loss 
of  CuTSPc/C  is  smaller  than  that  of  H2Pc/C,  and  also  smaller  than 
that  of  CuPc/C  [31  ],  indicating  that  both  Cu  species  and  sulfonic  acid 
group  prevent  phthalocyanine  from  thermal  decomposition  and 
contribute  to  higher  nitrogen  content  which  can  be  benefit  for  ORR 
activity  sites. 

3.4.  Active  site  studies 

For  a  further  understanding  of  the  catalyst  activity,  XPS  was  also 
employed  to  identify  the  possible  active  sites.  Fig.  10  presents  the 
XPS  spectra  of  unpyrolyzed  CuTSPc/C  and  pyrolyzed  (CuTSPc/C)7oo 
samples.  As  shown  in  Fig.  10(a)  and  (b),  five  XPS  peaks  are  observed 
for  both  unpyrolyzed  and  pyrolyzed  samples,  which  correspond  to 
the  emission  from  S  2p,  C  Is,  N  Is,  O  Is  and  Cu  2p  levels.  It  also  can 
be  seen  that  the  intensity  of  Cu  2p,  O  Is,  N  Is  and  S  2p  are  all 
decreased  after  the  pyrolysis  at  700  °C,  which  is  given  intuitively  in 
Table  3.  These  decreases  may  not  only  be  related  to  the  decompo¬ 
sition  of  CuTSPc/C,  but  also  related  to  encapsulation  of  the  pre¬ 
cursor  and  the  pyrolysis  products  into  the  carbon  matrix.  We  found 
that  the  results  between  XPS  and  EDX  seem  to  be  much  different, 
which  can  be  due  to  the  different  measurement  depth  and  the 
encapsulation  of  the  precursor  and  the  pyrolysis  products  into  the 
carbon  matrix.  Fig.  10(c)  and  (d)  shows  the  Cu  2p  spectra  of 
unpyrolyzed  and  pyrolyzed  samples.  For  CuTSPc/C  precursor,  the 


Fig.  7.  TEM  images  of  CuTSPc/C  catalysts  pyrolyzed  at  different  temperatures:  (a)  unpyrolyzed,  (b)  pyrolyzed  at  600  °C,  (c)  pyrolyzed  at  700  °C  and  (d)  pyrolyzed  at  800  °C. 


Mass  (%)  Mass  (%) 
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CuTSPc/C  (CuTSPc/C)600  (CuTSPc/C)70o  (CuTSPc/C)80o 


Fig.  8.  EDX  mapping  of  Cu,  N  and  S  element  for  CuTSPc/C  catalysts  without  heat-treatment  and  heat-treated  at  600  °C,  700  °C  and  800  °C. 


Fig.  9.  TG/DTG  curves  for  (a)  H2Pc/C  and  (b)  CuTSPc/C. 


Cu  2p  spectra  are  characterized  by  the  presence  of  a  lower  energy 
narrow  main  peak  at  935.3  eV  and  a  higher  energy  band  which  is 
originated  from  a  broad  Cu  (II)  satellite  feature  extending  from  940 
to  950  eV.  After  pyrolysis  at  700  °C,  the  large  broad  peak  ranging 
from  938  to  949  eV  still  stands  for  Cu  (II)  satellite.  However,  the  Cu 
2p  main  peak  changes  a  lot,  which  can  be  divided  into  four  com¬ 
ponents  at  935.4,  934.5,  933.4  and  932.4  eV,  respectively.  The  peak 
at  935.4  eV  can  be  attributed  to  the  part  of  undecomposed  CuTSPc/ 
C.  The  appearance  of  other  three  new  peaks  at  lower  banding  en¬ 
ergy  are  corresponding  to  the  formation  of  Cu  (II)  hydroxide  from 
air  exposure  (934.5  eV)  [54,55],  copper  nitrides  (933.4  eV)  [56]  and 
cuprous  species  (932.4  eV)  [55,44,57], 

To  further  determine  the  active  species,  the  content  of  each 
types  of  Cu  is  shown  in  Fig.  11(a).  It  can  be  seen  that  the  fitting  peak 
area  of  four  components  for  (CuTSPc/C)7oo  in  Cu  2p  main  peak  are 

179.3  at  935.4  eV  for  Cu  2p,  402.1  at  934.5  eV  for  Cu  (II)  hydroxide, 

410.6  at  933.4  eV  for  copper  nitrides  and  127.5  at  932.4  eV  for 
cuprous  species.  The  content  of  these  four  components  above  is 
account  for  10.1%,  22.6%,  23.1%  and  7.2%,  respectively,  indicating 
that  the  content  of  copper  nitrides  is  most.  Obviously,  the  existence 
of  copper  nitrides  could  be  related  to  the  formation  of  Cu— N— S/C 
active  site,  in  other  words,  the  generation  of  Cu— N— S  can  improve 
the  catalytic  activity  of  the  catalyst. 

Fig.  10(e)  and  (f)  shows  the  N  Is  binding  energy  region  for  both 
the  unpyrolyzed  and  pyrolyzed  samples.  According  to  literature 
[58-62],  the  peaks  of  N  Is  at  398.6  ±  0.3  eV,  400.5  ±  0.3  eV  and 

401.3  ±  0.3  eV  can  be  assigned  to  the  N  atoms  in  pyridinic  ring 
(pyridine— N),  the  N  atoms  in  pyrrolic  ring  (pyrrolic— N)  and  the  N 
atoms  as  quaternary  nitrogen  (graphitic— N),  which  are  generally 
recognized  as  active  N  species  towards  ORR.  In  the  case  of  the 
unpyrolyzed  CuTSPc/C  sample,  the  N  Is  band  can  be  separated  into 
three  parts  with  binding  energies  of  398.9  eV,  399.4  eV  and 

400.7  eV.  The  peak  at  399.4  eV  can  be  assigned  to  amines— N  [49], 
another  two  peaks  can  be  attributed  to  pyridinic— N  and  pyrrolic— 
N.  After  pyrolyzed,  two  additional  N  Is  bands  can  be  observed  at 
400.0  eV  and  401.5  eV,  the  former  energy  band  is  assigned  to  C=N 
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Fig.  10.  XPS  spectra  of  (a)  full-spectrum,  (c)  Cu  2p,  (e)  N  Is,  (g)  S  2p  for  unpyrolyzed  CuTSPc/C;  and  (b)  full-spectrum,  (d)  Cu  2p,  (f)  N  Is,  (h)  S  2p  for  pyrolyzed  CuTSPc/C  sample  at 
700  °C. 


[58],  whereas  the  later  band  is  related  to  the  graphitic— N.  The  other 
two  peaks  at  398.4  eV  and  400.7  eV  still  correspond  to  pyridinic— N 
and  pyrrolic— N.  Although  the  concentration  of  N  decreases  from 
4.61%  (CuTSPc/C  precursor)  to  1.60%  ((CuTSPc/C)7oo)  as  shown  in 
Table  3,  the  graphitic— N  forms  in  (CuTSPc/C)7oo  catalyst.  Moreover, 
the  proportion  of  pyridinic— N  strongly  increases  from  41.6% 
(CuTSPc/C  precursor)  to  63.1%  ((CuTSPc/C)7oo),  which  can  be 
calculated  based  on  Fig.  11(b).  What  is  more,  both  pyridinic— N  and 
graphitic— N  can  combine  with  copper  and  sulfur  ions  to  form  ORR 
active  sites  (Cu— N— S/C)  [62,63],  These  facts  could  partially  explain 
why  the  electrocatalytic  activity  of  (CuTSPc/C)7oo  is  far  more  than 
that  of  CuTSPc/C  precursor. 


It  was  reported  that  sulfur-doped  carbon  material  was  a  highly 
efficient  electrocatalyst  [35,36  ,  and  the  pyrolysis  of  the  catalyst  in 
the  presence  of  sulfur  could  lead  to  mainly  amorphous  carbon, 
resulting  in  increased  catalyst  porosity  and,  in  turn,  enhanced 
catalyst  performance  [64,65],  The  results  obtained  for  the  S  2p 
spectral  region  are  presented  in  Fig.  10(g)  and  (h)  for  unpyrolyzed 
and  pyrolyzed  samples.  It  can  be  seen  that  CuTSPc/C  precursor 
without  pyrolysis  shows  a  large  band  ranging  from  166.0  to 
172.0  eV,  which  can  be  attributed  to  sulfite  functional  groups  [66], 
After  pyrolysis  at  700  °C,  the  region  at  166.0—172.0  eV  may  be  due 
to  formation  of  sulfated  copper-containing  compound  corre¬ 
sponding  to  the  XRD  of  (CuTSPc/C)7oo.  Besides,  it  exhibited  two 
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Table  3 

Concentrations  (at%)  of  C,  N,  0,  S  and  Cu  in  the  CuTSPc/C  sample  and  (CuTSPc/C)7oo 
catalyst,  determined  by  XPS. 


Sample 

C 

N 

O 

S 

Cu 

CuTSPc/C 

77.45 

4.61 

11.47 

2.07 

0.91 

(CuTSPc)7oo 

88.71 

1.60 

7.05 

1.27 

0.38 

other  primary  components  at  163.7  eV  and  164.9  eV  overlapping 
with  each  other.  The  major  contributions  at  binding  energy  around 
163.7  eV  can  be  attributed  to  the  binding  sulfurs  in  C—Sn—C  (n  =  1 
or  2)  bonds,  and  the  other  band  at  164.9  eV  is  close  to  that  of  neutral 
S  (164.5)  or  the  S-S  bond  (164.6  eV)  [66,67],  Guo  et  al.  [35]  found 
that  the  — C— S— C—  structure  was  an  important  factor  for  opti¬ 
mizing  ORR  performance.  In  addition,  the  proportion  of  -C-S-C- 
structure  in  the  total  S  is  about  36%,  accounting  for  a  significant 
proportion.  This  can  be  seen  in  Fig.  11(c).  This  fact  may  explain  why 


CuTSPc/C  catalyst  pyrolyzed  at  700  °C  shows  excellent  catalytic 
ORR  activity.  It  should  be  mentioned  that  in  the  absence  of  sulfur, 
metal  carbides  could  easily  form  during  the  decomposition  process 
of  catalyst  precursor,  which  is  no  active  toward  ORR  [6],  Our  ex¬ 
periments  in  this  work  clearly  show  that  there  is  no  copper  carbide 
detected  in  the  heat-treated  catalyst  samples,  suggesting  that  the 
presence  of  S  can  effectively  inhibit  the  generation  of  copper  car¬ 
bide.  In  addition,  the  electrochemical  performance  of  (CuTSPc/C)70o 
is  much  better  than  our  previously  reported  (CuPc/C)soo  [28], 
Obviously,  S  is  also  a  part  of  the  active  site  in  the  catalyst  even 
similar  to  nitrogen.  Therefore,  it  can  be  concluded  that  both  active 
N  species  and  S  may  be  the  most  important  factors  affected  the  ORR 
activity,  with  Cu-bonded  graphitic— N,  pyridinic— N  and  C—Sn—C 
possibly  forming  the  Cu— N— S/C  structure  and  serving  as  the  ORR 
catalytic  sites. 

4.  Conclusions 
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In  conclusion,  a  spontaneous  formation  of  Cu— N— S/C  catalysts 
was  successfully  achieved  using  a  one-step  pyrolysis  of  CuTSPc 
compound  which  contains  both  N  and  S  elements.  The  catalysts 
obtained  at  different  pyrolysis  temperatures  are  investigated  to¬ 
ward  ORR  in  alkaline  media.  Through  electrochemical  measure¬ 
ments  and  physical  characterizations,  some  important  results  can 
be  summarized  as  follows:  (1)  the  pyrolysis  temperature  has  sig¬ 
nificant  effect  on  ORR  activity,  and  the  optimum  pyrolysis  tem¬ 
perature  is  700  °C.  Meantime,  the  pyrolysis  process  can  change  the 
ORR  mechanism  from  a  2-electron  transfer  dominated  process  to  a 
4-electron  transfer  dominated  one;  (2)  Increasing  the  catalyst 
loading  can  efficiently  improve  the  ORR  performance,  and  the 
optimal  loading  is  around  505  pg  citT2.  Under  this  loading,  a  pos¬ 
itive  shift  of  60  mV  for  the  onset  potential  and  80  mV  for  the  half¬ 
wave  potential  are  achieved  compared  with  the  loading  of 
40  pg  crrr2.  Furthermore,  the  detection  of  H2O2  can  be  effectively 
decreased  by  increasing  the  catalyst  loading;  and  (3)  XRD  and  TEM 
analysis  show  that  the  ORR  active  sites  are  indeed  formed  after  the 
pyrolysis.  XPS  results  indicate  that  Cu  ion  can  bond  on  pyridinic— N, 
graphite— N,  and  C— Sn— C  to  form  Cu— N— S/C  catalyst  active  sites. 
Therefore,  both  active  N  species  and  S  may  be  the  most  important 
factors  affecting  the  ORR  activity. 
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